Myxoviruses have been frequently characterized with regard to the thermal stability of their hemagglutinating activity (HA), neuraminidase activity (NA), and infectivity. Yet, little is known about the nature of the factors responsible for a given thermal stability. Comparative studies have shown that, under the stress of heat, infectivity is usually destroyed first, followed by the loss of HA, and finally NA (5, 13, 26) . This order of increasing stabilities might reflect the degree of structural integrity required of the entity possessing the activity. That is, infectivity is characteristic of an intact virion; whereas, a polyvalent subvirion hemadsorbing unit can still elicit hemagglutination, and NA is demonstrable in an even less organized structure (5, 8, 9, 12, 17, 19, 21, 34) . However, there are notable exceptions. One report shows that Newcastle disease virus infectivity and HA are inactivated at the same rate (11) . Among the A2 (Asian) strains of influenza virus (15) and in the CA type-2 parainfluenza virus (5) , HA is more thermolabile than infectivity; however, NA persists after infectivity is completely destroyed. Furthermore, there are other examples, where NA is apparently more thermolabile than HA (13) .
The rate of thermal inactivation of the soluble forms of HA and NA may be different from that characteristic of the envelope-integrated forms of these activities. For example, lowmolecular-weight hemagglutinin can be more thermolabile than the capacity of the intact virus to hemagglutinate (12) . In addition, the thermal stability of NA is often markedly reduced when the activity is separated from the virion surface in the form of a 9 to 10s particle (9) .
Thus, it seems clear that the thermal stability of myxoviral HA, NA, and infectivity may be influenced by factors at more than one level of organization. In this communication we describe the isolation of virus clones whose HA and NA are either both thermostable or both thermolabile. The identical kinetics with which both activities of a given isolate inactivate suggests that a common factor(s) influences their stability as they exist in the envelope-integrated state. Cell culture. Primary chicken embryo fibroblasts were prepared by the method of Hsuing (16) . Monolayers were grown out at 37 C in minimum essential medium (Eagle [MEMD buffered with Hanks salts (GIBCO, Inc.) and contained 5% fetal bovine serum (Microbiological Associates, Inc.), and 0.01% lactalbumin hydrolysate (GIBCO, Inc.). Confluent monolayers were maintained at the same temperature in MEM buffered with Earle salts and contained 2% fetal bovine serum (maintenance medium). Virus growth. In eggs: NDV stocks were diluted in cold phosphate-NaCl buffer (0.02 M sodium phosphate, 0.15 M NaCl), pH 7.0. Fifty-microliter amounts were inoculated by the allantoic route into 11-day-old embryonated eggs. Following 48 hr of incubation in a moist atmosphere at 36 C, the eggs were chilled to 4 C. IAF was harvested, clarified by low-speed centrifugation, and stored at -70 C.
In cell culture: before being infected, monolayers were washed with Hanks balanced salts solution (GIBCO, Inc.) that had been prewarmed to room temperature. Virus was allowed to adsorb to the cells for 1 hr at room temperature. After the inoculum was removed, fresh maintenance medium was added and the cultures were retumed to 37 C. When cytolysis was pronounced, but not maximal, the infectious cell culture fluid bathing the cells was harvested, clarified, and stored as described above.
Infectivity titrations. Infectivity was determined by standard plaque assay procedures (16 Duesberg (10) and Pons (27) . All steps were carried out at 0 to 4 C. A 20-ml amount of clarified infectious material, in a 28-ml cellulose nitrate centrifuge tube, was underlayered with 4 ml of Tris-EDTA-NaCl buffer [0.01 M tris-(hydroxymethyl)aminomethane-hydrochloride, 0.001 M ethylenediaminetetraacetic acid, 0.05 M NaCl, pH 7 .0] containing 60% (w/v) sucrose and 17.5% (w/v) potassium tartrate (density = 1.30 g/ml). After 1.5 hr of centrifugation at 25,000 rpm in an SW25.1 rotor of a Spinco model L ultracentrifuge, the bottom of the tube was pierced, and small fractions were collected across the steep density gradient created in the region of the interphase. Peak virus fractions (monitored as HA) were pooled and either dialyzed against an appropriate buffer and stored at -70 C, or purified further by first diluting the sample to reduce the density to 1.07 g/ml and then layering it onto a 24-ml linear potassium tartrate gradient (10 to 40% [w/v] in Tris-EDTA-NaCl buffer). Virus was brought to its isopycnic density (1.19 g/ml) by centrifugation at 24,000 rpm for 4.5 hr. Gradients were fractionated, and the peak virus fractions were pooled, dialyzed, and stored at -70 C. Sometimes the densities of selected fractions were determined from refractive indices read in a Zeiss refractometer at 25 C.
Thermal inactivations. Samples to be inactivated were delivered into soft glass tubes that measured 75 by 12 mm with an inner diameter of 10 mm. After equilibration in an ice-water bath, the tubes (with the exception of zero-time controls) were transferred in series to a swirling water bath set at 56 0.5 C. At appropriate times thereafter, they were returned to the ice-water bath. Samples were then assayed for surviving biological activity.
When appropriate, the data during periods of exponential decline in activity are presented in terms of the rate constant (k, expressed as minutes-1), defined in the following equation for a first-order inactivation: 2.3 log,0(N/N.) = -kt, where N. represents the original activity and N, the activity at some time, t, after heating. Unless otherwise stated, k was calculated from the slope of the line drawn by the method of "least-squares" (k = 2.3 x slope as defined in the regression equation Reactions were carried out in 0.5-ml volumes in identical 15-ml ground-glass-stoppered, conical centrifuge tubes (Pyrex, Corning Co., Inc.). Amounts (0.1 ml) of sample to be assayed were diluted with 0.3 ml of phosphate-NaCl buffer, pH 5.5, and held in an ice bath. When 0.1 ml of substrate (1.25 mg) was added to each tube in series, the mixture was shaken briefly on a Vortex and either returned to the ice bath (zero-time control), or transferred to a 37 C swirling water bath. The periodic acid reagent, used in the sialic acid assay, was included in the controls and added to the incubating mixtures to stop the reaction at 10 min or 2 hr depending on whether the HA of the material being assayed was <1,024 or < 100 HAU, respectively. Under these conditions, substrate was hydrolyzed linearly with time.
Sialic acid was assayed by the thiobarbituric acid method of Aminoff (1) In preliminary experiments (not reported here) the commercial lots of lipase were found to be contaminated with significant amounts of a neuraminidase. This activity was inactivated within 4 min at 56 C in the above reaction mixtures. Therefore, when appropriate, lipase controls were run so that this nonviral contribution to the total activity could be substracted.
Spectrophotometry. Optical densities were determined with the Gilford spectrophotometer by using matched 1-ml quartz cuvettes with a 1-cm light path.
RESULTS
Selection of strains. When the relative thermal stability of HA was determined for each of the nine NDV strains, the Texas-GB strain (strain I) showed the greatest stability, with a rate constant for inactivation at 56 C of only 0.05 min-1. All other strains were considerably more thermosensitive. The New Jersey FRB strain (strain V) was most sensitive, with a rate constant of 0.31 min-'.
Influence of external factors on the rates of inactivation. IAFs used in the preliminary screening experiments contained various amounts of egg yolk and virus. To determine whether the apparent difference in the rate of inactivation between strains I and V was a function of their HA per se, or due in part to protective environmental and virus concentration effects, the thermal stability of HA was closely monitored in both partially purified virus concentrates and in clarified IAFs (Fig. 1) . The solid lines in Fig. la show that the HA of strain I was inactivated in buffer at a constant rate of approximately 0.18 min-' in virus suspensions that initially titrated between 160 and 20,000 HAU. Similarly, in this medium no concentration-dependent changes in rate were evident from the kinetics with which the HA of strain V was inactivated (dotted lines in Fig. la) . Although this was also true for both strains in the form of IAF (Fig. lb) , the rates of inactivation in allantoic fluid were roughly 10-fold slower than those characteristic of inactivation in buffer. However, despite the protective effect of allantoic fluid, the ratio of the inactivation rates for the two strains was the same in both buffer and allantoic fluid.
Thermal stability of HA among isolates cloned from phenotypically stable (strain I) and sensitive (strain V) populations. The first-order kinetics with which the HA of strains I and V were inactivated indicated that neither population contained a major clone of the opposite thermal phenotype. However, it was of interest to know what degree of variation, if any, might be resolved among isolates cloned from these populations. To this end, 73 isolates were obtained. In the case of 32 of these isolates the inactivation rate constants for HA were determined accurately; results are summarized in Table 1 . In general the rates varied only 2-to 2.5-fold among isolates cloned from the same population. A difference of a factor of 2 is probably not significant. HA inactivation and virus integrity. Thus far, HA inactivation was defined in terms of the ability of virus to agglutinate chicken RBC. However, the efficiency with which a given RBC species is agglutinated can vary with the size of the hemagglutinating particles. For example, intact myxovirus particles and large envelope fragments agglutinate chicken RBC with a two-to eightfold greater efficiency than they do guinea pig RBC (personal observation). Conversely, low-molecular-weight hemagglutinin derived from the virus agglutinates guinea pig RBC much more efficiently than chicken RBC (12) . Therefore, while it was presumed that HA in the intact virus envelope was being measured, the observed thermal lability of the HA in the thermosensitive isolates might have been a function of virus disruption resulting in the fragmentation of the envelope into units that were too small to agglutinate fowl RBC, but which might have agglutinated guinea pig RBC. Alternatively, the loss of HA might have been due to the loss of hemagglutinin spikes without further disruption of the envelope. In such a case, the buoyant density of the resulting particle might be different from that of the intact virion (4). These gradients to eliminate the HA that was not associated with intact particles. Then, a portion of the purified virus suspension was heated until the HA against chicken RBC was reduced to 15% of the initial titer. Figure 2 shows that, when samples of the heated and unheated suspensions were sedimented under conditions that locate the intact virus at its isopycnic density, the density distribution of the HA remaining after heating was indistinguishable from that of the unheated virus. HA against guinea pig RBC was two-to fourfold less than it was against chicken RBC, but the distribution of activity against either cell type was the same. HA per fraction was expressed as the log10 HAU which masked the slight skewing of the profiles toward the less dense region of the gradients. However, when the data were plotted on a linear scale (not shown), the same degree of asymmetry was evident in both profiles; 93 and 95% of the HAU recovered was in five (Fig. 2a) and four (Fig. 2b) peak fractions, respectively. Optical density and HA profiles both peaked at a mean buoyant density of 1.19 g/ml. No preferential activity against guinea pig RBC was evident in fractions of lower density. Significantly, integration under the optical density profiles showed that the peak regions contained approximately the same number of optical density units; i.e., 4.1 (Fig. 2a) and 3.8 (Fig. 2b) Tris-EDTA-NaCI buffer, pH 8.0. The sample, initially titrating to 1,800 HAU against chicken RBC, was treated at 56 C to reduce the titer by a factor of 6. Samples (2 ml) of the heated and an unheated control suspension were layered onto separate 24-mi potassium tartrate gradients (10 to 40%o, w/v, in the above buffer). tion of HA was not accompanied by any detectable virus disruption.
Comparative thermal inactivation rates of HA, NA, and infectivity. The thermal inactivation of isolate I . HA apparently involved some alteration at the virus surface exclusive of either envelope fragmentation or the loss of hemagglutinin spikes. Because of the proximity and in some cases the probable association of the structural units responsible for HA and NA (3, 18, 19, 25, 33, 34) , an experiment was designed to compare the rates of inactivation of these envelope activities at 56 C. Small volumes of IAF of isolate Ih and I ,, were heated for different times up to 6 min and assayed for remaining HA and NA (Fig. 3) . In the case of isolate IL, both activities were relatively stable with rate constants for inactivation of <0.05 min-'; however, both activities in isolate IL.
were inactivated at a rate that was at least 10 times faster than that for isolate I. Significantly, the HA and NA of isolate I1, were inactivated at the same rate within experimental error (4.1 min-' and 4.6 min-', respectively). In a second experiment, the relative rates of inactivation of infectivity as well as HA and NA of isolates I , I1,,, and V1 were determined during a 40-min period at 56 C (Fig. 4) . Comparative thermal characters of HA, NA, and infectivity. After 1.2-ml volumes of IAF were heated for the times indicated, each was assayed for HA and NA as described in Fig. 3 , and for infectivity as plaque-forming units (PFU)/ml. Unheated I, and I,, IAFs, respectively, liberated 29 and 24 nmoles of sialic acid, contained 6.9 x 10' and 5 x 10' PFU/ml, and titrated to approximately 1024 HAU. The results are expressed as the log,. survival of each activity. The survival of isolate V, infectivity (2 x 109 PFU/ml before heating) is shown for comparison. Rate constants (numbers in brackets) were calculated from the slopes of the lines estimated during the periods of exponential decline.
The volumes of IAF heated were sufficiently large (1.2 ml) so that all three activities could be determined in the same sample for each period of heating. Because of the large volume heated, however, it required 4 to 7 min to bring the sample to temperature, and thus the inactivation of the various activities became exponential only after several minutes of heating. (The slow initial inactivation at lower temperatures is to be expected because the enthalpy of inactivation for this system is large, and the rate constant thus shows a steep temperature dependence.)
The results in Fig. 4 again illustrate that the HA and NA inactivate at the same rates, and that isolate I11 activities inactivate more rapidly than those of isolate Il. The absolute value of the rate constant for 116 differs by a factor of 2 from that found in Fig. 3 , prQbably because of slight temperature differences or differences in the degree of protection provided by the allantoic fluid. The HA and NA of isolate V1 (not shown) inactivated at a rate indistinguishable from that found for I,..
The infectivities of all three virus preparations inactivated much more rapidly. The rate constants for inactivation of infectivity during the period of exponential decline were 0.69 min-' for isolate Il, 0.94 min-' for isolate 11, and 1.9 min-' for isolate V1. The inactivation rates of infectivity for isolates I and 116 differ by a factor of only 1.4, although the inactivation rate of HA (and NA) in these two isolates differs by approximately a factor of 10. Thus, although the thermal inactivation of HA is correlated with loss of NA, the inactivation of infectivity is not correlated with the loss of either of these activities. Effect of phospholipase-C on the thermal inactivation of HA and NA. NDV infectivity was reported to be more thermolabile when the virus was grown in monolayers of chicken embryo fibroblasts rather than in chick chorioallantoic membranes (7) . This difference in stability may be due to a difference in the lipid composition of the virus. Phospholipase-C treatment of NDV was reported to inactivate virus infectivity, if the virus were grown in chick fibroblast but not if grown in eggs (30) , indicating that the virus has a different lipid composition when grown in the two cell systems.
The experiments summarized in Fig. 5 were done to test for the possible role these lipids (primarily lecithin) might have in conferring a particular thermal stability onto HA and NA. The results show that pretreating isolates Ih and I1. with phospholipase-C did not alter their thermal stability when the virus was grown in eggs (Fig. 5 a-d) ; however, it did reduce the thermal stability of HA in both isolates grown in monolayers (Fig. 5 e, f) . During the first 6 to 8 min of heating, their HA dropped three-to fourfold. Thereafter, the residual HA of isolate I remained stable, while that of isolate 1,. was inactivated at a rate similar to that of the untreated I16 control. The thermal character of NA in both isolates grown in monolayers was not affected by this lipase (Fig.  5 g, h) .
HA in these experiments was measured against chicken RBC. During the course of titrating monolayer-grown virus that had been Tris-CaCI2-albumin buffer were incubated at 37 C for 10 min with an equal volume' of the same buffer that contained phospholipase in the presence (0-O) and absence (--) of sufficient EDTA to completely inhibit lipase activity. Samples (1 ml) of these were then heated for the times indicated. Each was then assayed for surviving HA (HA U against chicken RBC) and NA (nanomoles of sialic acid released in 2 hr per 0.1-ml sample). treated with lipase in the absence of EDTA, as the RBC were settling out, some evidence of agglutination was noticed at higher dilutions than in those from which the end points were ultimately interpolated. This was only true in the titration series of samples heated at 56 C. This suggested that the observed initial drop in HA was caused by the disruption of the virus envelope into fragments that agglutinated chicken RBC with a three-to fourfold lower efficiency. This interpretation was confirmed when HA was measured against guinea pig RBC (Fig. 6 ). Under these conditions HA in similar suspensions of isolate Il actually increased during the first 6 to 8 min of heating. 
DISCUSSION
We are interested in the nature of the components of biological membranes and the mechanisms by which these components interact to form a functional structure. Analyses of these interactions would be significantly more illustrative if a membrane system were available in which any one of its associated activities could be altered independently of any other activity. Then, a given change in function might be more specifically correlated with the responsible physicochemical change(s) in the membrane.
NDV would seem to provide just such a system because its envelope, or membrane, possesses several surface activities which are apparently properties of independent envelope moieties (17, 20, 24) , and thus the thermal stability of any one activity might be expected to vary independently from those of the other activities. Therefore, the approach used in the study reported here was to characterize accurately the thermal stability of two surface activities, expecting that virus isolates could be selected that differed markedly in the thermal stability of a single envelope activity. How We can envision several mechanisms which might lead to the coupling of these two activities. It is conceivable that the same glycoprotein is responsible for both activities. This, however, is highly unlikely in view of the fact that myxoviral HA and NA reside in morphologically distinct structures that can be readily separated (8, 17, 21, 34) .
It is possible that alteration of one of the viral proteins, either external or internal, could lead to an altered lipid composition or organization in the virus. This could in turn affect the thermal stability of both activities. However, it is unclear at the present time how dependent the lipid composition of a virus is upon its proteins (3, 6, 18, 22, 23, 28, 29, 34) . Alternatively, although we know of no precedent for such a mechanism, an alteration in one of the proteins which affected a charged group could affect the stability of both activities.
The possibility also exists that denaturation of the protein responsible for one activity could lead to a configurational rearrangement of the viral surface such that the protein with the other activity either becomes more labile or has its expression blocked in some way. In the latter case, for example, a concomitant loss of HA and NA might be expected if HA inactivation were due to a "folding over" of the hemagglutinin spikes. In this configuration the spikes might interfere with the binding of substrate at the sites of NA. In this regard it may be significant that residual NA was estimated only against fetuin. A smaller substrate molecule might have been more accessible to potentially active, but perhaps partially "masked," neuraminidase sites on the surface of particles with thermally inactivated HA. Different-sized substrates probably do interact differently with the virus surface. For example, not only the apparent affinity of neuraminidase for substrate (2, 9), but also the kinetics of substrate hydrolysis can vary with the size of the substrate molecule. That is, sialolactose (molecular weight 633) is hydrolyzed with classical first-order MichaelisMenten kinetics, whereas fetuin (molecular weight 48,400) is hydrolyzed early in the reaction with second-order kinetics, suggesting that two molecules of fetuin are required for VOL. 1 l, 1973 the hydrolysis of one (Pierce and Magee, manuscript in preparation). We do not yet know how this mode of interaction may influence, if at all, the observed coupling between the thermal inactivation of HA and NA.
